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A VIEW OF THE NEXT (TEV) GENERATION FOR DIFFUSE STUDIES

» High Angular Resolution
» Point source separation and identification

» Long energy-lever arm (20 GeV - 100 TeV)
» Compare with Fermi: 100 MeV - 100 GeV

» Bifurcation in electron/proton morphology
} Dp O<E5/2
» D o FO12-1

roton

electron

» Difficulties: cosmic-ray background, inhomogeneous
exposure.



THIS TALK: TEV HALOS REQUIRE A NEW APPROACH TO BUILDING THIS MODEL

Moon (To Scale)
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A QUICK BACKGROUND OF TEV HALOS

» TeV Halos (Observationally):

» Bright at TeV energies

Geminga
» Hard gamma-ray spectrum

» Surround young/middle-
aged pulsars

» Relatively common
» Spatially extended

» Profile is diffusive



Abeysekara et al. (2017; 1711.06223)

Distance from Pulsar [degree]

Emission Profile is y 6 5 10

Geminga
¢ Data
—— BestFitD + 1o

consistent with particle
diffusion through the ISM.

Strong evidence that
particles are propagating
through turbulent

magnetic fields. 20 30 2

Distance from Pulsar [pc]
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But diffusion coefficient 2-orders of magnitude smaller than
ISM!



» TeV Halos (Observationally):

» At least 7 detected systems

243749 ()

» Detected by all instruments B ésn sooz2.]
(HAWC, LHAASO, HESS,

VERITAS)

llllll|ll|l||l|lll

97.5 97.0 96.5 96.0 95.5 95.0 94.5 94.0 93.5

» Detected systems are nearby, R.A [deg]
or have high spin down

power.
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(ergs/s)

If TeV halo power is COnneCted J0537-6910 0.016122 5.18e-14 49.700 4.93e+03  9.25e+11l 4.88e+38

J0534+2200 0.033392 4.2le-13 2.000 1.26e+03 3.79e+12 4.46e+38

J0540-6919 0.050570 4.79e-13 49.700 1.67e+03 4.98e+12 1.46e+38

C J1813-1749 0.044741 1.27e-13 4.700 5.58e+03 2.4le+l2 5.60e+37

to u Sa r S | n Own Owe r We J1400-6325 0.031182 3.89%e-14 7.000 1.27e+04 1.1le+12 5.07e+37
I

J1747-2809 0.052153 1.56e-13 8.141 5.31e+03 2.88e+12 4.33e+37

° J1833-1034 0.061884 2.02e-13 4.100 4.85e+03 3.58e+12 3.37e+37

Ca n b u I Id a m Od e | Of th e fu I I TeV J2022+3842 0.048579 B8.6le-14 10.000 8.94e+03 2.07e+12 2.96e+37

J0205+6449 0.065716 1.94e-13 3.200 5.37e+03 3.6le+l2 2.70e+37

J2229+6114 0.051624 7.83e-14 3.000 1.05e+04 2.03e+12 2.25e+37

S k J1513-5908 0.151582 1.53e-12 4.400 1.57e+03 1.54e+13 1.73e+37

y. J1617-5055 0.069357 1.35e-13 4.743 8.13e+03 3.10e+l12 1.60e+37

J1124-5916 0.135477 7.53e-13 5.000 2.85e+03 1.02e+13 1.19e+37

J1930+1852 0.136855 7.5le-13 7.000 2.89e+03 1.03e+13 1.16e+37

J1023-5746 0.111472 3.84e-13 2.080 4.60e+03 6.62e+12 1.09e+37

J1420-6048 0.068180 8.32e-14 5.632 1.30e+04 2.4le+12 1.04e+37

J1410-6132 0.050052 3.20e-14 13.510 2.48e+04 1.28e+12 1.0le+37

J1849-0001 0.038523 1.42e-14 * 4.31e+04 7.47e+1l 9.78e+36

J1402+13 0.005890 4.83e-17 * 1.93e+06 1.7le+10 9.34e+36

J1846-0258 0.326571 7.lle-12 7.28e+02 4.88e+13 8.06e+36

J0835-4510 0.089328 1.25e-13 1.13e+04 3.38e+12 6.92e+36

J1811-1925 0.064667 4.40e-14 2.33e+04 1.7le+l2 6.42e+36

J1111-6039 0.106670 1.95e-13 8.66e+03 4.62e+12 6.35e+36

J1813-1246 0.048072 1.76e-14 4.34e+04 9.30e+ll 6.24e+36

J1838-0537 0.145708 4.72e-13 4.89e+03 8.39e+12 6.02e+36

J1838-0655 0.070498 4.92e-14 6.600 2.27e+04 1.89e+12 5.55e+36

J1418-6058 0.110573 1.69e-13 1.885 1.03e+04 4.38e+12 4.95e+36

° J1935+2025 0.080118 6.08e-14 4.598 2.09e+04 2.23e+12 4.66e+36

T |S m ea n S t at m a ny yo u n 9 J1856+0245 0.080907 6.2le-14 6.318 2.06e+04 2.27e+12 4.63e+36

J1112-6103 0.064962 3.15e-14 4.500 3.27e+04 1.45e+12 4.53e+36

J1640-4631 0.206443 9.76e-13 12.750 3.35e+03 1.44e+13 4.38e+36

S Ste m S S h O u | d a |SO rod u Ce J1844-0346 0.112855 1.55e-13 * 1.l16e+04 4.23e+12 4.25e+36

y p J1952+3252 0.039531 5.84e-15 3.000 1.07e+05 4.86e+ll 3.74e+36

J1826-1256 0.110224 1.2le-13 1.550 1.44e+04 3.70e+l2 3.58e+36

o . . I J1709-4429 0.102459 9.30e-14 2.600 1.75e+04 3.12e+12 3.4le+36

even brlg hter TeV ha IO aCtIVIty. J2021+3651 0.103741 9.57e-14 1.800 1.72e+04 3.19e+12 3.38e+36

J1524-5625 0.078219 3.90e-14 3.378 3.18e+04 1.77e+12 3.2le+36

J1357-6429 0.166108 3.60e-13 3.100 7.31e+03 7.83e+12 3.10e+36
J1913+1011 0.035909 3.37e-15 4.613 1.69%9e+05 3.52e+11 2.87e+36
J1826-1334 0.101487 7.53e-14 3.606 2.l4e+04 2.80e+12 2.84e+36

J1907+0602 0.106633 8.68e-14 2.370 1.95e+04 3.08e+12 2.83e+36
J1801-2451 0.124924 1.28e-13 3.803 1.55e+04 4.04e+12 2.59e+36
J1016-5857 0.107386 8.08e-14 3.163 2.10e+04 2.98e+12 2.58e+36
J1747-2958 0.098814 6.13e-14 2.520 2.55e+04 2.49%9e+12 2.51e+36
J1105-6107 0.063202 1.58e-14 2.360 6.32e+04 1.0le+l2 2.48e+36

J1119-6127 0.407963 4.02e-12 8.400 1.61le+03 4.10e+13 2.34e+36
J1824-2452A 0.003054 1.62e-18 5.500 2.99e+07 2.25e+09 2.24e+36
J1803-2137 0.133667 1.34e-13 4.400 1.58e+04 4.29%e+12 2.22e+36
J1135-6055 0.114943 7.93e-14 * 2.30e+04 3.05e+12 2.06e+36
J1048-5832 0.123725 9.6le-14 2.900 2.04e+04 3.49e+12 2.00e+36




Di Mauro, Manconi, Donato (2019; 1908.03216)
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Younger systems produce extended, diffusive halos




Sudoh, TL, Hooper (2021; 2101.11026)
8 out of 9 HAWC
sources above 56 TeV
are consistent with
pulsars.
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The youngest systems produce very bright emission




In addition to being much larger — the evolution of the TeV
halo morphology is very different

PWN > 5.1 kpc

PWN < 5.1 kpc

Fit + std dev (0.32 dex)
- Min. extension (0.03 deg) at 5.1 kpc
- Max. extension (0.6 deg) at 5.1 kpc

N157B

PWN in the ISM have a radius that
is proportional to spindown power.
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TeV Halos have an extension that is
inversely proportional to spindown
power (perhaps, proportional to

age).



DEFINITION DIFFERENCES

e An alternative definition of a “TeV halo” has been used by
Giacinti et al. 2019 (1907.12121)

e Linden etal.(2017)- ATeV halo is a leptonic gamma-ray
source surrounding a pulsar, where the electrons are
diffusing through the medium (rather than being driven by
convective pulsar winds).

e Giacinti et al. (2019) - ATeV halo is a leptonic gamma-ray
source surrounding a pulsar, where the emission stems from
a region where the electron density falls below the ambient
ISM electron density.




STATUS OF THE FIELD (THEORY)

» This Distinction Creates
Confusion:

Geminga
» Key Questions:

» Do pulsars convert a large
fraction of their spin down
power to e+e- pairs?

» Do these e+e- cool via
synchrotron or |CS?

» Are these electrons confined
near the pulsar?

» Do these electrons dominate
turbulence in the ISM?



EXAMPLE: THE POSITRON EXCESS

What were the uncertainties in pulsar models?

|: The ete- production efficiency?

%. A quantitative discussion of plausible values for f.+ was recently given in Ref. [38].

We shall not review their discussion here, but Ref. [38] argues (see in particular their very

informative App. B and C) that in the context of a standard model for the pulsar wind

nebulae, a reasonable range for f.+ falls between 1% and 30%.



IMPLICATION 3: POSITRON EXCESS

* ll: The ete- spectrum.
Hooper et al. (2008; 0810.1527)

part of their energy adiabatically because of the expansion of the wind. The energy spectrum injected by a single
pulsar depends on the environmental parameters of the pulsar, but some attempts to calculate the average spectrum
injected by a population of mature pulsars suggest that the spectrum may be relatively hard, having a slope of

~1.5-1.6 [18]. This spectrum, however, results from a complex interplay of individual pulsar spectra, of the spatial
and age distributions of pulsars in the Galaxy, and on the assumption that the chief channel for pulsar spin down
is magnetic dipole radiation. Due to the related uncertainties, variations from this injection spectra cannot be ruled
out. Typically, one concentrates the attention on pulsars of age ~10° years because younger pulsars are likely to still




IMPLICATION 3: POSITRON EXCESS

TeV Halos answer both of these questions!

Hooper, Cholis, TL, Fang (2017; 1702.08436)

Sum

—— Geminga

B0656+14

Can use gamma-ray flux
Other Pulsars

at the source to
determine the total ete-
energy!

In agreement with
models of the positron
excess!




PULSARS VS. DARK MATTER IN SPECTRAL PEAKS John & Linden (2021; 2107.10261)

Positrons
z = 5.6 kpc

Normalizing this to the
positron data, we find that
pulsars produce the
majority of the positron

—— Positrons (total)
Primary positrons
—-— Secondary positrons

excess. i _AMS-02

¢ EZ, [m2sr7ls™! GeV?]
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We can use this to set
strong limits on dark matter
annihilation.

Better normalization of
pulsar efficiencies will
strengthen these limits
(especially for soft DM
spectra).




SIDENOTE: FUTURE OF USING SPECTRAL FEATURES FOR DARK MATTER

Turner & Wilczek (1989) Orusa et al. (2021; 2107.06300)

d<0.5 kpc -—= PWNe
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Previously believed that sharp spectral features in the
positron spectrum could be produced by either dark matter
or pulsars.



SIDENOTE: FUTURE OF USING SPECTRAL FEATURES FOR DARK MATTER

—— Eg=1TeV

1 . E0= 10 TeV
For pulsars, there is a key error: e lo0Tev
Studies generally use a — Eo=1000Tev
continuous approximation for

electron energy losses:

0.0 0.2 0.4 0.6 0.8
Time [Myr]

But ICS interactions are very
rare and stochastic. The energy
after a given time is not
determined by the initial
energy.
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Eo = 10 TeV, t = 342 kyr

. 40 50 60 70 80 90
John & Linden (2022; 2206.04699) Average loss per ICS interaction [GeV]




SIDENOTE: FUTURE OF USING SPECTRAL FEATURES FOR DARK MATTER

Exact Stochastic ICS
- Standard Analytic Approximation

N
>
O
a
LI
O
S
s
©
M
LI

1
Electron Energy [TeV]




SIDENOTE: FUTURE OF USING SPECTRAL FEATURES FOR DARK MATTER

> For dark mattel’, the SpeCtl‘al John & Linden (2023; 2304.07317)

cutoff is not produced by T rac Stachastic [€8
- (Continuous Approximation
I C S COO I | N g b ut f rom t h e — Extrapolated Astrophysical Background
/
xx—eter

(ov) = 10724 cm?3/s

dark matter mass.
Mpm = 100 TeV
B=1uG

* The stochasticity of cooling
instead means that some
particles don’t cool at all,

enhancing the peak.

100
Electron Energy [TeV]

> Correctly accounting for ICS
energy losses makes it
possible to differentiate
dark matter and pulsars via
their positron spectrum.



Back to Gamma Rays

@ Moon (To Scale)

Geminga
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TEV HALOS DOMINATE THE DIFFUSE TEV GAMMA-RAY EMISSION

Cassiopeia

Cygnus
4 o
% Markarian 501 Markarian 421
Crab Nebula

R Milky Way Gemings

\ Orion
-
L 3
s\ Libra
Sagittarius \

* There is bright difftuse gamma-ray emission across the
galactic plane.

e Ratio of point source emission to diffuse emission is a

powerful marker of emission mechanisms and local
propagation.
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TeV halos natu ra||y eXplain Linden & Buckman (2017; 1707.01905)
the Spectrum and intensity —— Total Gamma-ray Flux

Lo —— TeV Halo Flux
of this emission. . — Hadronic Diffuse
— 65° </ < 85 °
» bl <2°
Multiple halos observed 7
with E-2.0 spectra ;
’ >
Q
o
X
5
L Fermi-LAT
Note - “"Halo” is not needed & J  ARGO-Y)
Q Milagro
. . 10 100 1000
Pulsar efficiency ~10% Energy (GeV)

Power must escape PWN



TeV halos naturally explain Fang & Murase (2021; 2104.09491)
the spectrum and intensity — = Tnverse Compton by Cooled ¢*

—-— 70 Decay by Protons

of this emission.

Multiple halos observed
with E-2.0 spectra.

Fermi-LAT (scaled)

Tibet ASvy 25° <1 < 100°, |b| < 5°
ARGO-YBJ 25° < [ < 100°, |b| < 5°
EGRET 25° <1 < 100°, |b| < 5°

Note - “"Halo"” is not needed

Pulsar efficiency ~10%
Power must escape PWN

Recently extend to 100
TeV energies.



Zhang et al. (2023; 2305.06948)

-+ Fermi --- DC: pi0 =+ Fermi DC: pi0
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Harder spectrum leptonic emission also improves the fit to
LHASSO diffuse gamma-ray observations



Yan & Liu (2023; 2304.12574)

(b) Emax = 300TeV

—— ASy, C.L. = 99.7% —— ASy, C.L. = 99.7%
—— ASy, C.L. = 68.3% —— ASy, C.L. = 68.3%

-—- MILAGRO, C.L. = 99.7% -—- MILAGRO, C.L. = 99.7%
——— MILAGRO, C.L. = 68.3% ——— MILAGRO, C.L. = 68.3%
1 C.L = 99.7% 1 C.L. = 99.7%

B C.L = 68.3% B C.L = 68.3%

1072
50 100 150 200 250 300 350 400 450 500 1.0 1.2

Emax [TeV]

This process can also be invested to place constraints on the
electron injection efficiency, maximum energy, and electron

injection spectrum from Milagro and ASy observations.



ANTARES and IceCube Collaboration (2018; 1808.03581)

¢ On the other hand,

observations of a bright

diffuse IceCube neutrino §

flux along the galactic plane § — e

(hint hint?), would place s L K

. . . = —— ANTARES UL KRA®’

||m|t5 On the IeptOnlc -~~~ IceCube UL KRAv
. . ﬁ | IceCube starting events

CO ntrlbutlon. ] IceCube up-going v,

® Current limits are consistent with a hadronic flux up to 10x
brighter than Galprop expectations, which would produce a
significant fraction of the diffuse TeV emission.



GALPROP DIFFUSE EMISSION MODELS

e Current predictions for dark
matter searches with TeV
telescopes use

extrapolations of the Fermi-
LAT diffuse background.

e Likely to be inaccurate if

leptonic emission becomes
dominant.



The GALPROP Cosmic-ray Propagation and Nonthermal Emissions Framework:
Release v37

T. A. Porter’ , G. J6hannesson” ,and I. V. Moskalenko'
' W.W. Hansen Experimental Physics Laboratory and Kavli Institute for Particle Astrophysics and Cosmology, Stanford University, Stanford, CA 94305, USA
tporter@stanford.edu
% Science Institute, University of Iceland, IS-107 Reykjavik, Iceland
Received 2021 December 22; revised 2022 July 10; accepted 2022 July 12; published 2022 September 9

Abstract

The past decade has brought impressive advances in the astrophysics of cosmic rays (CRs) and multiwavelength
astronomy, thanks to the new instrumentation launched into space and built on the ground. Modern technologies
employed by those instruments provide measurements with unmatched precision, enabling searches for subtle
signatures of dark matter and new physics. Understanding the astrophysical backgrounds to better precision than
the observed data is vital in moving to this new territory. A state-of-the-art CR propagation code, called GALPROP,
1s designed to address exactly this challenge. Having 25 yr of development behind it, the GALPROP framework has
become a de facto standard in the astrophysics of CRs, diffuse photon emissions (radio to vy-rays), and searches for
new physics. GALPROP uses information from astronomy, particle physics, and nuclear physics to predict CRs and
their associated emissions self-consistently, providing a unifying modeling framework. The range of its physical
validity covers 18 orders of magnitude in energy, from sub-keV to PeV energies for particles and from peV to PeV
energies for photons. The framework and the data sets are public and are extensively used by many experimental
collaborations and by thousands of individual researchers worldwide for interpretation of their data and for making
predictions. This paper details the latest release of the GALPROP framework and updated cross sections, further
developments of its initially auxiliary data sets for models of the interstellar medium that grew into independent
studies of the Galactic structure—distributions of gas, dust, radiation, and magnetic fields—as well as the extension
of its modeling capabilities. Example applications included with the distribution illustrating usage of the new
features are also described.

Unified Astronomy Thesaurus concepts: Galactic cosmic rays (567); Gamma-rays (637); Diffuse radiation (383);
Gamma-ray astronomy (628); Non-thermal radiation sources (1119)




Widmark et al. (2022; 2208.11704)

Dust

21 cm

Point
sources o

Smooth /ﬁ .‘
maps &R | o Model counts Data counts

Target models come from gas and dust tracers.

CR density comes from Galprop simulations.



Korsmeier & Cuoco (2016; 1607.06093)
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IT'S ABOUT THE SOURCES
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ABSTRACT

The square kilometre array (SKA) is a planned multi purpose radio telescope with a collecting area approaching 1 million square
metres. One of the key science objectives of the SKA is to provide exquisite strong-field tests of gravitational physics by finding and
timing pulsars in extreme binary systems such as a pulsar-black hole binary. To find out how three preliminary SKA configurations
will affect a pulsar survey, we have simulated SKA pulsar surveys for each configuration. We estimate that the total number of pulsars
the SKA will detect, is around 14 000 normal pulsars and 6000 millisecond pulsars, using only the 1-km core and 30-mn integration
time. We describe a simple strategy for follow-up timing observations and find that, depending on the configuration, it would take
1-6 days to obtain a single timing point for 14 000 pulsars. Obtaining one timing point for the high-precision timing projects of the
SKA, will take less than 14 h, 2 days, or 3 days, depending on the configuration. The presence of aperture arrays will be of great
benefit here. We also study the computational requirements for beam forming and data analysis for a pulsar survey. Beam forming
of the full field of view of the single-pixel feed 15-m dishes using the 1-km core of the SKA requires about 2.2 x 10" operations
per second. The corresponding data rate from such a pulsar survey is about 4.7 x 10!! bytes per second. The required computational
power for a deep real time analysis is estimated to be 1.2 x 10'° operations per second. For an aperture array or dishes equipped with
phased array feeds, the survey can be performed faster, but the computational requirements and data rates will go up.




BUT PULSAR SOURCES ARE EVEN MORE PLENTIFUL

* Radio pulsars are beamed!

* Beaming fraction is small

ROTATION
AXIS

i - ‘ RADIATION
P BEAM

Tauris & Manchester (1998)

> This varies between 15-30%.

RADIATION
BEAM

> Most pulsars are unseen in radio!
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ABSTRACT

We present the results of the most comprehensive survey of the Galactic plane in very high-energy (VHE) y-rays, including a public release
of Galactic sky maps, a catalog of VHE sources, and the discovery of 16 new sources of VHE y-rays. The High Energy Spectroscopic System
(H.E.S.S.) Galactic plane survey (HGPS) was a decade-long observation program carried out by the H.E.S.S. I array of Cherenkov telescopes in
Namibia from 2004 to 2013. The observations amount to nearly 2700 h of quality-selected data, covering the Galactic plane at longitudes from
¢ =250° to 65° and latitudes |b| < 3°. In addition to the unprecedented spatial coverage, the HGPS also features a relatively high angular resolution
> (0.08°~ 5 arcmin mean point spread function 68% containment radius), sensitivity (< 1.5% Crab flux for point-like sources), and energy range (0.2

to 100 TeV). We constructed a catalog of VHE y-ray sources from the HGPS data set with a systematic procedure for both source detection and
characterization of morphology and spectrum. We present this likelihood-based method in detail, including the introduction of a model component
to account for unresolved, large-scale emission along the Galactic plane. In total, the resulting HGPS catalog contains 78 VHE sources, of which
14 are not reanalyzed here, for example, due to their complex morphology, namely shell-like sources and the Galactic center region. Where
— possible, we prov1dc a ﬁrm identification of the VHE source or plaus1b1c assoc1at10ns with sources in other astronormcal catalogs. We also studxcd
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Sudoh et al. (2019; 1902.08203)

Observations expect
HAWC to find between
50-100 sources.
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Only ~1/3 of these will
surround known radio
pulsars.
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Hooper, TL(2021; 2104.00014)

Do MSPs Have TeV Halos?

H
2
L

Tentative: 4.240 evidence from
a HAWC stacking analysis,

E, (cm™2 s7! TeV™)

H
al

E/d? (erg s~ kpc™?)

Using blank sky locations to test
the non-Poissonian nature of the
background, we still find that
fewer than 1% of locations
yielded the same significance as
the MSP population.
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OPEN QUESTION 1: MSP TEV HALOS

Hooper, TL(2021; 2104.00014)

* Important theoretical implications:

* MSPs are a cleaner system than young pulsars

>

Cosmic-Ray confinement driven by pulsar only?

> New Insights into cosmic-ray diffusion at high latitudes

>

Does a high latitude pulsar produce a larger halo?



GALACTIC CENTER EXCESS

> Assume MSPS in the Hooper, TL(2018; 1803.08046)
galactic center produce a

similar fraction of TeV/GeV
emission

> Any MSP pulsar population
bright enough to produce
the GCE would
overproduce the TeV

diffuse gamma-ray emission
observed by HESS

* Constraint likely even stricter. MSPs in the Galactic center

would not have to confine the electrons to produce diffuse
ICS emission.



GALACTIC CENTER EXCESS

Keith et al. (2022; 2212.08080)

With HESS, you might be
able to model build around
this:

10 11

MSP emission only a
factor of a few too high

EGB
— - = Point Sources

= = MSPs/TeV Halos

—
L
n

T
c
O

T
n
>
v
=

>
L
o
N~

N
<
)

(-
W

Only within 0.5 degrees,
which may have unusual
dynamics.

CTA will definitively test an MSP origin of the galactic center
excess in models where MSPs produce bright TeV emission.



Models to Explain Inhibited
Diffusion:

Diffusion Coefficient in
TeV halos:
~1028 cm2s1at 10 TeV

Surface Brightness [10712 TeV cm~2 s~ ! deg~?]

Average diffusion
coefficient in Milky Way:
~1030 cm2s-1 at 10 TeV
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Abeysekara et al. (2017; 1711.06223)
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Abeysekara et al. (2017; 1711.06223)
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Models to Explain
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Liu, Yan, Zhang (2019; 1904.11536)

Models to Explain Inhibited .
Diffusion: 40

20
0

-20

unit: 2.2e—08 ergcm %s” 'sr™’

~40

. . . . -60
One-Dimensional Diffusion 60 —40 -20 O 20 40 60
pc

M,=0.1, ¢=5

If magnetic field were
pointed towards Earth, then
you would not see significant

transverse diffusion. Diffusion
would “look” inhibited.

unit: 5.3e—09 ergcm %s 'sr™’

-60 -40 -20 0 20
pc




IVI Od els to EXp I al i N I N h i b ited De la Torre Lugue et al. (2022; 2205.08544)
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Recchia et al. (2021; 2106.02275)

Models to Explain Inhibited
. . --- Diff. D=8 x 10%* cm?/s
D|ffu5|0n: —— Diff.+Ball. D=1 x 1028 cm?/s

Diff. D=1 x 1028 cm?/s
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Geminga HAWC E > 5 TeV
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Transition from Ballistic
Propagation

If particles are moving in
direct line towards us -
parallel diffusion appears
suppressed.

Bao, Fang & Bi (2021; 2107.07395)



Models to Explain Inhibited
Diffusion:
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Transition from Ballistic
Propagation

Bao, Fang & Bi (2021; 2107.07395)

Recchia et al. (2021; 2106.02275)

Diff. D = 8 x 1024 cm?/s
Diff.+Ball. D=1 x 102 cm?/s
Diff. D=1 x 1028 cm?/s

68% Band Diff.

68% Band Diff.+Ball.
Geminga HAWC E > 5 TeV




Evoli, TL, Morlino (2018; 1807.09263)
Mukhopadhyay & TL (2021; 2111.01143)

Models to Explain
Inhibited Diffusion:
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Evoli, TL, Morlino (2018; 1807.09263)
Mukhopadhyay & TL (2021; 2111.01143)

WHAT IS THE PHYSICS OF TEV HALOS?

Fang et al. (2019; 1903.06421)

» Many uncertainties in these models:

SNR
Geminga halo

» Role of Supernova Remnant

ﬁ

» Disruption by molecular gas/ Geminga pullll
magnetic fields

» Pulsar Proper Motion

» 1D vs. 3D diffusion
» hon-Resonant Terms

» Halos in close proximity

Kalapotharakos et al. (2017; 1710.03170)



Widmark et al. (2022; 2208.11704)

Dust

21 cm

Point
sources -

Smooth & 4 =\
maps \ | Model counts Data counts

Dark matter studies require accurate diffuse emission
models.

TeV models are expected to be very different than GeV
models.



Pulsar catalogs provide an
answer:

>3000 pulsars (>15000
expected from SKA)

Specific locations, ages,
and spin down powers

Translates directly into
local diffusion model in
streaming instability
models.
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J1813-1749
J1400-6325

J1747-2809
J1833-1034
J2022+3842
J0205+6449
J2229+6114

J1513-5908
J1617-5055
J1124-5916
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J0835-4510
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J1838-0655
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J1048-5832
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0.033392
0.050570
0.044741
0.031182

0.052153
0.061884
0.048579
0.065716
0.051624
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0.069357
0.135477
0.136855
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0.050052
0.038523
0.005890
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0.145708

0.070498
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0.064962

0.206443
0.112855
0.039531
0.110224
0.102459

0.103741
0.078219
0.166108
0.035909
0.101487

0.106633
0.124924
0.107386
0.098814
0.063202

0.407963
0.003054
0.133667
0.114943
0.123725

5.18e-14
4.21le-13
4.79%e-13
1.27e-13
3.89%e-14

1.56e-13
2.02e-13
8.6le-14
1.94e-13
7.83e-14

1.53e-12
1.35e-13
7.53e-13
7.51e-13
3.84e-13

8.32e-14
3.20e-14
1.42e-14
4.83e-17
7.11e-12

1.25e-13
4.40e-14
1.95e-13
1.76e-14
4.72e-13

4.92e-14
1.69e-13
6.08e-14
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3.15e-14

9.76e-13
1.55e-13
5.84e-15
1.21e-13
9.30e-14

9.57e-14
3.90e-14
3.60e-13
3.37e-15
7.53e-14

8.68e-14
1.28e-13
8.08e-14
6.13e-14
1.58e-14

4.02e-12
1.62e-18
1.34e-13
7.93e-14
9.6le-14

49.700
2.000
49.700
4.700
7.000

8.141
4.100
10.000
3.200
3.000

4.400
4.743
5.000
7.000
2.080

5.632
13.510

*
*

6.600
1.885
4.598
6.318
4.500

12.750
*
3.000
1.550
2.600

1.800
3.378
3.100
4.613
3.606

2.370
3.803
3.163
2.520
2.360

8.400
5.500
4.400

*

2.900

4.93e+03
1.26e+03
1.67e+03
5.58e+03
1.27e+04

5.31e+03
4.85e+03
8.94e+03
5.37e+03
1.05e+04

1.57e+03
8.13e+03
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2.89e+03
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2.03e+12

1.54e+13
3.10e+12
1.02e+13
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2.27e+12
1.45e+12

1.44e+13
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(ergs/s)
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1.19e+37
l.16e+37
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Gaggero et al. (2014; 1411.7623)

First attempts at this
approach.
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Decreasing diffusion in
the spiral arms produces
better fits to GeV
gamma-ray data
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Jéhannesson et al. (2019.1903.05509)
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Galprop models
illustrate the
problem.

Adding sources
produces huge
residuals in TeV
leptonic maps.

Need to know
where the sources
go and how they
work to solve this.

Porter et al. (2019; 1909.02223)



Leptons are likely a dominant diffuse emission
component at TeV energies.

Standard methods of building a diffuse model fail for
TeV leptons.

The solution is the sources
Radio/Gamma-Ray Observations of Pulsars

Theoretical models to transfer information about
pulsar age/spindown power/environment into
information about local diffusion.
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